ucture, and in turn its functional performance, is of crucial importance for potential applications. In this study, a new modified triaxial electrospinning process was successfully developed to allow us to precisely tune drug release from nanoscale formulations. In this process, we used two un-electrospinnable liquids as the outer and middle working fluids, with only the core solution being individually electrospinnable into fibers. The outer liquid comprised a mixture of solvents, while the middle fluid was a dilute solution of cellulose acetate (CA). The core fluid was an electrospinnable co-dissolving solution of ferulic acid (FA) and gliadin. By processing these in triaxial electrospinning, we were able to create FA-gliadin fibers coated with a thin but even and continuous coating of CA.
Introduction
Adaptable techniques able to create advanced materials with tunable properties are highly sought after in a wide variety of fields [1] [2] [3] . Electrospinning is one such technique. It employs electrical energy to draw and solidify polymer-containing solutions or melts, yielding products in the form of one-dimensional nanoscale fibers.
Over the past two decades, this one-step top-down process has quickly developed.
Initial studies focused on the simplest monoaxial experiment, employing a mixed solution of a polymer and functional component to generate monolithic fibers [4] [5] [6] [7] [8] [9] .
More recently, researchers have developed two-fluid side-by-side and coaxial electrospinning processes (resulting in Janus or core/shell fibers) [10] [11] [12] [13] [14] [15] [16] , three-fluid triaxial electrospinning, and other more complicated experiments [17] [18] [19] [20] .
Control of the materials produced by electrospinning can be obtained through the processing parameters. There is abundant scope to vary these through the working fluids (viscosity and surface tension), the operational parameters (applied voltage, needle-to-collector distance and fluid flow rate), and the environmental conditions (humidity, temperature, etc) [21] . Electrospinning is able to create complex nanostructures via the macroscale structure of the spinneret: this is propagated into the architecture of the fibers produced, and thus use of a single needle to dispense the liquid being processed results in monolithic fibers, while using a coaxial spinneret (with one needle nested inside a second) yields core-shell materials. Processing multiple fluids simultaneously has another advantage because it allows liquids which cannot be electrospun individually to be processed into fibers, if they are spun alongside a spinnable fluid. Thus, multiple-fluid electrospinning methods are powerful in generating composites with a range of complex nanostructures, such as core-shell materials, Janus structures, core-shell systems with a Janus core, or Janus fibers with one monolithic and one core-shell side [22] [23] [24] [25] [26] [27] .
Among the various nanoscale architectures which can be envisaged, the core-shell arrangement is probably the most fundamental, and has been investigated for potential applications in numerous scientific fields [28] [29] [30] [31] . Methods to fabricate core-shell structures have been very widely explored: a Web of Science with core-shell as the topic conducted on 29 April 2018 resulted in 32,988 hits in the preceding 5 years, equating to 18 publications per day. Coaxial electrospinning and coaxial electrospraying offer the ability to generate core-shell particles or core-shell nanofibers in a single step, and thus can be advantageous over other multi-step nanofabrication approaches in terms of simplicity and ease of implementation [32, 33] .
The fact that only one of the fluids need be electrospinnable in coaxial experiments leads to a broad range of possible products [34] [35] [36] [37] .
Building on the concept of coaxial electrospinning, triaxial electrospinning has in recent years begun to attract attention [38] [39] [40] [41] . In the same way that in coaxial electrospinning only one fluid need be individually electrospinnable, unspinnable fluids can be processed by triaxial electrospinning so long as a spinnable fluid is also being dispensed. In the standard triaxial electrospinning method all three fluids are spinnable, but a number of modified processes including one or more unspinnable liquids can be envisaged depending on which of the fluids (outer, middle, inner; combinations thereof) are spinnable. Two unspinnable fluids and one spinnable fluid can be combined in such modified triaxial procedures, which is very beneficial because there exists a limitless number of unspinnable fluids, while only around one hundred polymers can be directly electrospun into nanofibers. As a result, there are a large number of possibilities for generating structural nanomaterials [34, 40] . To date, the literature suggests that if two unspinnable solutions are being processed they should be separated: i.e., unspinnable outer and inner liquids can be electrospun if combined with a middle fluid which can be spun into fibers alone, but the process will not be viable if the outer and middle (or middle and inner) solutions are both unspinnable. In this work, we vitiate this hypothesis and report a new modified triaxial electrospinning process in which the outer fluid is an unspinnable solvent mixture, the middle fluid an unspinnable dilute polymer solution, and only the inner solution is electrospinnable.
In the development of new drug delivery systems, much effort has been expended to achieve so-called controlled release (for instance, pulsatile, sustained, bi-phasic or targeted release) of active pharmaceutical ingredients (APIs) [42] [43] [44] [45] . In particular, linear drug release (or zero-order release) is much sought after. The constant rate of drug release offered by such systems allows for a constant, therapeutically active, concentration of API to be maintained over a prolonged period of time, with no over-or under-dosing. Unfortunately, electrospun drug-loaded polymer nanocomposites tend to exhibit an uncontrollable initial burst of release [46] [47] . This arises for three reasons: (1) the presence of large numbers of drug molecules at or near the surface of the fibers; (2) the large surface area and high porosity of the fiber mats; and (3) the fact that drug molecules in the center of the fibers have to diffuse further to reach the bulk solution during the dissolution process than those at the surface. Core-shell nanostructures have been shown to have the ability to eliminate this effect, in general by confining the drug to the core of the fiber such that it has to diffuse through an insoluble shell [48, 49] . However, in traditional coaxial electrospinning the shell thickness can be difficult to control.
In this work, a modified triaxial electrospinning process was developed to prepare drug-loaded fibers coated with a thin polymer shell layer. The latter comprised cellulose acetate (CA), and was applied to a ferulic acid (FA)-loaded protein (gliadin) core. FA is an antioxidant that can be exploited to neutralize free radicals (including nitric oxide, superoxide and hydroxyl radicals). It is reported to have the potential to reduce the risk of many cancers (e.g. liver, colon, stomach, breast, prostate, lung and tongue), and also to decrease blood glucose levels (meaning it has promise for the treatment of diabetes) [50, 51] . FA is poorly soluble, and its sustained release would be useful to improve its absorption and bioavailability [40, 52] . The materials reported here provide zero-order drug release profiles, and the release duration and rate can be tuned through the thickness of the CA coating, which can itself be precisely manipulated through the flow rate of the middle fluid in electrospinning.
Experimental

Materials
Ferulic acid (FA; 4-hydroxy-3-methoxycinnamic acid) was purchased from Shanghai Yu-Bo Biological Technology Co., Ltd. (Shanghai, China). Gliadin (extracted from wheat) was obtained from the Miao-Sheng Biotechnology Co., Ltd.
(Shanghai, China). Cellulose acetate (CA; M w =100,000 Da) was supplied by Acros (NJ, USA). Colorants (methylene blue and basic fuchsin) and analytical grade solvents (1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) trifluoroacetic acid (TFA), acetone and acetic acid) were purchased from the Shanghai Zi-Yi Chem. Co., Ltd.
(Shanghai, China). Water was doubly distilled before use.
Electrospinning
The triaxial electrospinning system comprised three syringe pumps (KDS100, Cole-Parmer, Vernon Hills, IL, USA), a high-voltage generator (ZGF60kV/2mA, Wuhan Huatian Co., Ltd., Wuhan, China), a tri-layer concentric spinneret, and a flat piece of cardboard wrapped with aluminum foil used as the collector. The electrospinning processes were filmed using a Canon camera (PowerShot SX50HS, Tokyo, Japan).
Morphology and structure
The nano morphology was studied with the aid of a Quanta FEG450
scanning electron microscope (FE-SEM; FEI Corporation, Hillsboro, OR, USA).
Samples were platinum sputter-coated under a nitrogen atmosphere for 100 s prior to visualization. Images were recorded at an excitation voltage of 20 kV with a magnification of 5,000. Fiber diameters were calculated by using the ImageJ software (National Institutes of Health, Bethesda, MD, USA) to measure the fibers at 100 different points.
Internal structure was explored with a transmission electron microscope (TEM; JEM 2100F, JEOL, Tokyo, Japan) at an excitation voltage of 300 kV. TEM samples were prepared by fixing a lacey carbon-coated copper grid on the collector and depositing fibers directly on it.
Component compatibility and physical form
X-ray diffraction (XRD) patterns were collected on a D/Max-BR diffractometer 
Drug sustained release performances
FA has a maximum UV absorbance at max = 321 nm and a shoulder at 278 nm. Dissolution tests for each sample were performed six times, and the results are reported as mean ± S.D.
Results and discussion
Modified triaxial electrospinning
In the traditional monoaxial electrospinning process, the working fluid must be electrospinnable to generate polymer nanofibers. Similarly, in coaxial electrospinning, it was once thought that the shell fluid must be spinnable [53, 54] . However, Yu et al.
showed that the latter was not the case, allowing the development of a modified coaxial process in which unspinnable shell liquids can be employed to create both core-shell and high quality monolithic nanocomposites (using a pure solvent as the shell working fluid) [23] . Building on this, Yang et al. developed modified triaxial electrospinning, using an electrospinnable middle liquid to support both outer and inner unspinnable fluids and resulting in core-shell polymer-phospholipid/drug nanohybrids [34] . Yang and co-workers also hypothesized that it would not be viable to implement a modified triaxial electrospinning process where both the outer and middle fluids could not be electrospun alone.
In this study, we disproved this hypothesis and developed a new modified triaxial process in which the outer fluid was a mixture of solvents (which cannot be electrospun), the middle fluid an unspinnable dilute polymer solution, and only the core can be processed into fibers (see Fig. 1 ). The apparatus used comprises four main components ( Fig. 1a) : the power supply; a three-layer concentric spinneret (Fig. 1b and c); a collector plate; and, three pumps for expelling the working fluids independently . The use of the dilute polymer middle solution results in the core being coated in a very thin polymer shell. The presence of solvent at the outer layer helps to stabilize the working processes from the following three aspects: 1) preventing the clinging of CA solution on the nozzle of spinneret; 2) resisting the negative influences from the environment; and 3) providing an easy commencing of the triaxial process. Images obtained during the preparation of F3 are presented in Fig. 2d, 2e and 2f .
The modified triaxial process shows the usual three stages observed during the conversion of the working fluids into solid products (Fig. 2d) . When no voltage is applied, a three-layer droplet is seen (Fig. 2e) . Upon application of a voltage of 15 kV, a compound Taylor cone (Fig. 2f) is obtained. A straight fluid jet is emitted from the tip of the cone (Fig. 2d) , after which the unstable whipping and bending region is observed. This consists of gradually enlarging loops, due to electrical repulsion between the different parts of the jet. Similar compound Taylor cones are seen for F2
and F4 (see Fig. 2f, 2h) . For a smooth modified triaxial electrospinning, the spinnable core fluid guided the formation of nanofibers with two unspinnable fluids. Thus, its electrospinnability is very important and the concentration of filament-forming carrier is a key parameter, just as the modified coaxial electrospinning [55] . A practicable strategy is to slightly elevate the concentration of filament-forming carrier within its electrospinnable window. In literature, the gliadin concentration was 15% (w/v) for a modified coaxial process [24] . Here, a concentration of 16% (w/v) was intentionally exploited for a robust modified triaxial process and nanofibers without beads-on-a-string morphology. 
Fiber morphology and structure
All the fibers produced have linear cylindrical morphologies, with smooth surfaces (as exhibited in Fig. 3 ). No beads-on-a-string or spindles-on-a-string phenomena are visible. As the flow rate of the middle solution (CA in acetone: acetate acid (2:1 v/v)) increased from 0 (F1), to 0.1 (F2), 0.2 (F3) and to 0.5 mL/h (F4), the fibers produced showed a decrease in their diameters, from 0.86 ± 0.12 , to 0.74 ± 0.09 , 0.68 ± 0.10 and 0.63 ± 0.09 .
An increase in the middle fluid flow rate is expected to exert two opposing influences on the fiber diameters. The first is to enlarge the fibers, because more CA is derived from a natural biopolymer, and it is known that such polymers (e.g. zein and ethylcellulose) have a tendency to form gels and generate semi-solid substances around the exit of the spinneret during electrospinning. This phenomenon appears even at low polymer concentrations [56] . In this study, the outer solvent prevents any clinging and build-up of semi-solid CA on the spinneret, allowing a stable and continuous working process to be implemented. The presence of a pure solvent as the outer fluid also helps the inner and middle fluids to be drawn evenly under the electrical field [57] . Thus, just as modified coaxial electrospinning aids in the preparation of high quality monolithic nanocomposites (e.g. F1), the outer solvent in modified triaxial electrospinning helps to generate high quality core-shell hybrids (F2 to F4). The internal structures of the fibers F1 to F4 were explored using TEM (Fig. 4) .
F1 comprise drug-protein monolithic nanocomposites, which is reflected in the even gray color observed in Fig. 4a . No particles or solid phase separation can be seen.
This suggests that the FA molecules were evenly dispersed throughout the gliadin matrix.
In contrast, nanofibers F2, F3 and F4 have obvious core-shell structures, as shown in Fig. 4b, 4c and 4d, respectively. The CA coatings on F2 to F4 are estimated to have thicknesses of 5.2 ± 2.6, 14.7 ± 1.6, 30.2 ± 10.1 nm. In all cases, although the shell thickness varies somewhat within each formulation, the core FA-gliadin composite is completely enveloped by the CA coating. 
Physical form and component compatibility
Drug-loaded nanofibers from the monoaxial electrospinning of a mixed drug-polymer solution have received broad interest for enhancing the dissolution of poorly water-soluble drugs, since they typically comprise amorphous solid dispersions [58] . The formation of an amorphous material can also be helpful for controlling release [59] . XRD patterns for the raw materials and fibers are depicted in Fig. 5. FA is a crystalline material, as demonstrated by a series of sharp Bragg reflections in its XRD pattern. In contrast, both CA and gliadin are amorphous, and display only broad halos in XRD. All the fibers also exhibited only halos, showing that they too are amorphous. This arises because of the extremely fast drying which occurs during electrospinning; this causes the disordered arrangement of molecules in solution to be propagated into the solid state. The molecular structures of the raw materials and IR spectra are included in Fig.   6 . FA has a number of characteristic bands at 1789, 1663, 1619, and 1514 cm -1 , which correspond to vibrations of its -C=O groups and benzene rings. These peaks cannot be seen in the spectrum of the FA-gliadin F1 fibers, suggesting that secondary interactions are formed between the two components. These might include hydrogen bonds (e.g. between gliadin -OH/-NH groups and -C=O on FA) and hydrophobic interactions (between the alkyl groups of gliadin and benzene rings), and suggest there is a high degree of compatibility between the components. This should enhance the physical stability of the drug-gliadin composites. Looking at the IR spectra of the core-shell fibers F2, F3 and F4, it is clear that they contain some additional peaks, for instance at 1724 cm -1 , 1236 cm -1 , and 1051 cm -1 . These correspond to CA, and suggest that the shell CA and core FA-gliadin are present as two-component hybrids.
As the thicknesses of the CA coating increased from F2 to F4, the intensity of the CA peaks increased correspondingly. This observation can be closely related to use of attenuated reflectance IR in these measurements: the penetration depth of the IR probe in this technique is around 200 nm. Thus, the increase in the shell thickness corresponds to a decrease in the amount of the core illuminated. Fig. 6 . The molecular formulae of the raw materials, and IR spectra.
In vitro drug release
The in vitro FA release profiles are shown in Fig. 7a . It is clear that the time taken for release gradually increased with the thicknesses of the CA coating. An enlargement of the first 120 min is presented in Fig. 7b . After the first fifteen minutes, F1, F2, F3 and F4 released 20.3 ± 5.1%, 1.5 ± 1.2%, 0 %, and 0 % of the incorporated FA. After the first hour, the release percentages are 37.2 ± 4.5%, 15.4 ± 4.6%, 7.6 ± 4.1%, and 3.1 ± 2.2%, respectively. The monolithic FA-gliadin F1 material clearly undergoes a significant initial burst of release. In contrast, the core-shell systems F2
to F4 show no initial burst release, regardless of the thicknesses of the CA coating.
Thus, the CA coating on the FA-gliadin nanocomposites can both extend the release time periods and eliminate of the initial burst release.
The zero-order equation was first fitted to the release data. The results are exhibited in Fig. 7c (Fig. 7c) show that the core-shell hybrids F2 to F4 provide close to zero order release, while the fit is poor for F1.
To further explore the release mechanisms, the data were analyzed using the Korsmeyer-Peppas expression [60] :
where M t is the amount of drug released at time t, M is the total amount of drug released, k is the rate constant, and n is an exponent which provides some information on the drug release mechanism. The regressed equations for fibers F1 to F4 (Fig. 7d) are [60] . This suggests that FA was released through a typical Fickian diffusion mechanism. All the core-shell hybrids F2 to F4 have n > 0.45
(suggesting a combination of diffusion and erosion controls release), and for F4 n > 0.89 (suggesting an erosion-dominated mechanism). However, both the shell CA and gliadin core are insoluble in water, and so erosion is not likely to be a major contributor to release. The Peppas equation assumes that the drug is homogeneously distributed throughout the polymer matrix, which is not the case for the core-shell formulations. For the latter, it is expected that the rate of release is governed by FA diffusing through the gliadin matrix and CA shell. This will involve two different rate constants, which might be why non-Fickian mechanisms are indicated in Peppas analysis. 
Process-structure-performance relationships
As noted above, electrospinning is able to create complex nanostructures in a single top-down step [61, 62] . Being able to obtain precise control over these materials is crucial for designing and developing new functional nanomaterials. Here, we are able to use the processing parameters to precisely tune the properties of the fibers generated. There are very clear relationships between the thickness of the CA coating and the time taken to reach different extents of release. The time taken reach 30%, 50% and 90% release is plotted as a function of the coating thickness in Fig. 8a . In many drug-polymer composites, including those reported in this work, the drug is molecularly distributed throughout the polymer matrix, as shown for F1 in Fig.   9 . This distribution means that the drug release profile is mainly determined by the physical and chemical properties of the carrier. Even when using an insoluble carrier to achieve sustained release profiles, because of the presence of a substantial quantity of drug at or near the surface of the composite, an initial burst release and eventual tailoring-off are inevitable. Very significant efforts have been made to overcome these issues, including through the fabrication of a range of electrospun nanofibers [63, 64] . In the core-shell nanohybrids prepared by modified triaxial electrospinning (F2, F3, F4), a blank CA coating was applied to yield a product with a heterogeneous distribution of drug (Fig. 9) . The CA coating thickness can be very easily controlled, and alternative coatings (for instance, biodegradable, water-soluble or water-swelling polymers) could also be applied. Since the coating thickness directly influences the drug release profile in a predictable manner, by varying the flow rate of the central fluid used for spinning we can directly dictate the release profile through simple control of a single processing parameter.
Both electrospinning and electrospraying take advantage of the interactions between electrostatic energy and the working fluids. Thus, the strategies reported here can also be adopted to develop new triaxial electrospraying processes for creating new nanostructures, for tailoring components and compositions, and for a combined application of different kinds of functional ingredients [65, 66] . As for the further developments of the medicated nanofibers, both production on a large scale, conversion to dosage forms and also the related stability should be the contents deserved intensive investigations [67] [68] [69] .
Conclusions
In this study, we successfully implemented a new triaxial electrospinning process.
In this, we used two unspinnable liquids as the outer and middle working fluids and a spinnable core, and were able to produce high-quality fibers. The outer fluid comprised a mixture of acetone and acetic acid, while the middle fluid was a dilute cellulose acetate (CA) solution. Neither can be electrospun info fibers alone, but the use of an electrospinnable ferulic acid (FA)-gliadin solution as the core fluid permitted successful nanofiber fabrication. As a result, we were able to generate high-quality core-shell nanofibers with a thin CA coating and an FA-loaded core.
These all comprised amorphous solid dispersions, with intermolecular interactions believed to exist between the drug and gliadin. While monolithic FA-gliadin fibers exhibited a profound initial burst of release, the presence of a CA coating could completely eliminate this. The core-shell materials gave close to zero-order drug release over time periods which could be tuned simply by adjusting the thicknesses of the CA shell. The latter could in turn be incrementally varied by changing the flow rate of the middle working fluid in triaxial electrospinning. There is thus a very clear process-structure-performance relationship, which offers myriad opportunities for designing and fabricating novel structural nanomaterials with improved functional performance.
